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Abstract—This paper presents a new harmonic compensation
system along with a hybrid load observer used for micro-grids in
the islanded mode. The proposed control system includes an online
hybrid load observer, which is able to precisely estimate the har-
monic contents of the load as well as the equivalent load impedance
in the islanded mode. One of the main features of the proposed con-
trol system is its capability to deal with unknown load harmonics,
which is a big challenge in micro-grids. Basically, the proposed con-
trol system is able to detect, estimate, and compensate various load
disturbances and harmonics (e.g., synchronous and asynchronous
harmonics, and dc components). Theoretical analysis, simulation
results, and experimental results verify the feasibility and perfor-
mance of the proposed control system.

Index Terms—Distributed generation (DG), grid equivalent
impedance, harmonic compensation, islanded mode of operation,
micro-grids (MGs), state observers.

I. INTRODUCTION

DUE to substantial advantages of distributed generation
(DG) over the conventional centralized power generation,

DG has recently been a very active research area [1], [2]. In
particular, integrating renewable energy sources (RESs) into the
current power system through a DG platform has been of great
interest [3], [4]. Micro-grids (MGs) are the main building blocks
in the DG that can integrate RESs to the grid very efficiently [5]–
[7]. The MGs must be able to operate in both the grid-connected
mode (i.e., on-grid) and the islanded mode (i.e., off-grid). There
are various challenges in order to provide reliable operation of
MGs particularly in the islanded mode of operation [8]–[10].
In the islanded mode, the MG must be able to provide power
balance and supply load currents, which can include various
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harmonics and disturbances. Otherwise, the voltage will be
highly distorted at the load that can be harmful for sensitive
loads, or in severe cases, it can cause voltage collapse. Thus,
performing precise load balance (including harmonics) is of
great importance in making MGs reliable [11], [12]. In the grid-
connected mode, the load harmonics are supplied by the grid,
leading to a high quality voltage waveform at the load. However,
in the islanded mode, MGs must precisely detect the amount of
load harmonics and accordingly supply appropriate current (in-
cluding harmonics) in order to have robust operation. It should be
noted that even in the grid-connected mode, the high penetration
level of intermittent RESs may pose a threat to the power network
in terms of the power-quality and stability issues. Therefore, in
some cases, the grid-connected RESs are required to compen-
sate for harmonics to comply with the regulatory frameworks of
the power network [13]–[16].

In order to address this issue, various harmonic compensation
methods have been proposed in the literature [17]–[37]. These
methods can be categorized into passive techniques [17], [18]
and active techniques [19]–[37]. Active methods are more at-
tractive as they are implemented through the control system of
power electronic converters without imposing additional hard-
ware cost to the system. The existing active methods can be cat-
egorized into the following three groups: selective harmonics
compensation (SHC) [19]–[22], virtual impedance-based con-
trollers [23]–[30], and multi-loop controllers [31]–[37].

Typically, SHC methods have been used for high power
current-source converters, where the switching frequency is
limited to a few hundred hertz [19]. Due to the intensive
computational efforts associated with these methods, they can
only compensate a few selected harmonics (e.g., fifth or sev-
enth) [20]–[22]. Thus, they are not appropriate for MG applica-
tions where the controller should compensate for a wide range of
harmonics. Harmonic compensation methods based on virtual
impedance estimation have also been proposed for MGs [23]–
[30]. In this approach, the converter simulates an inductive or
resistive active power filter in order to produce/absorb harmonic
currents [23]–[25], [27], [30]. These methods are not able to
accurately inject/absorb the current harmonics and in turn cre-
ate a phase shift in the compensated load voltage [28]–[30].
In addition, these methods require the load information and the
grid impedance to accurately estimate virtual impedance values,
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which in most cases are not available for the control system [25],
[27], [28].

In the multi-loop control schemes, multiple control loops have
been used to simultaneously regulate the fundamental compo-
nent and compensate for the harmonics [31]–[37]. In order to
implement these methods, the harmonic components of the load
should initially be estimated [31]–[36]. In [31]–[33], the pro-
posed multi-loop harmonic compensation approaches rely on
the remote measurement of the load current. Thus, they are
not very practical for MG applications. In order to solve this
problem, other techniques based on the measurement of the lo-
cal voltage have been introduced in [34]–[37]. However, the
methods presented in [34]–[36] are only applicable to the grid-
connected mode of operation as the converters have to operate
in the current-controlled mode (in the islanded mode, the con-
verters operate in the voltage-controlled mode). In [34] and [36],
harmonic compensation techniques, which are based on the dis-
crete Fourier transform (DFT) have been introduced. Although
the proposed methods perform well with ideal periodic voltages,
they cannot compensate for inter-harmonics and asynchronous
harmonics (created by nonlinear loads). In [37], a hierarchical-
based harmonic compensation method is introduced for convert-
ers operating in the voltage-controlled mode. Although this can
be applicable for islanded MGs, it relies on the communication
links to implement multiple control loops.

Considering the aforementioned discussions, one the main
setbacks of the existing harmonic compensation methods is their
inability to estimate various harmonics. Due to its importance
for MG applications, precise harmonic estimations have been a
very active research area. In this paper, a brief literature review
for the existing harmonic estimation techniques is presented.
The state-of-the-art techniques are divided into two general cat-
egories: direct approaches and indirect approaches (in which the
equivalent load harmonic impedances are estimated instead of
harmonics). The aforementioned methods are briefly described
as follows.

A. Direct Methods

A wide range of harmonics estimation techniques have been
presented in the literature. The proposed techniques utilize ba-
sic estimation techniques such as DFT [34], [38]–[40] as well
as more sophisticated ones such as the Proney algorithm [41],
[42], neural network (NN) [43], [44], and Kalman filter [45],
[46]. Despite the simple structure of DFT-based methods, their
accuracy is highly degraded for asynchronous harmonics and
inter-harmonics. In order to overcome this problem, more so-
phisticated methods such as Proney algorithm, NN algorithm,
and Kalman filtering have been proposed. However, the Proney
algorithm suffers from high complexity and intensive compu-
tational efforts, the NN algorithm requires the exact model of
each harmonic, and the Kalman filter based uses a complex iter-
ative algorithm to estimate harmonics and its stability may not
be guaranteed.

B. Indirect Methods

In the indirect methods, typically intentional disturbance sig-
nals are actively injected to the output to estimate the load

impedances [47]–[60]. These methods use various estimation
schemes such as DFT [49]–[53], window recursive DFT [54],
Kalman filter [55], [56], and recursive least square [57], [58]
to estimate the impedance values. The indirect methods usually
require special hardware devices in order to inject disturbance
signals [47], [48], [50], [58]. In addition, the precise knowl-
edge of the background disturbances is essential for accurate
results [49], [51], [59], [60]. Although the indirect methods can
provide an accurate estimation of the harmonic impedances over
a wide frequency range, they pollute the grid by constantly
injecting harmonics, they are usually computation intensive,
and they do not have fast dynamics compared to the direct
techniques.

Considering the aforementioned difficulties with the existing
compensation techniques, there is a need for a real-time har-
monic compensation method for in islanded MGs. The compen-
sation method should be able to estimate and compensate for
various disturbances by using local measurable signals. In this
paper, a novel harmonic compensation system is presented. The
proposed method is able to compensate for both synchronous
and asynchronous harmonics (nonlinear loads can create signif-
icant amount of asynchronous harmonics). The main contribu-
tion of the proposed harmonic compensation system is a fast
hybrid load observer embedded to the proposed control system,
which is able to precisely estimate the linear portion of the load
and its harmonic contents in a real-time manner. The proposed
control system offers a universal solution for future MGs oper-
ating in the islanded mode. The main contributions of this paper
are summarized as follows.

1) A harmonic compensation system, which is able to
compensate for unknown harmonics/disturbances caused
by linear/nonlinear loads (e.g., synchronous and asyn-
chronous, dc component, etc.).

2) A novel hybrid load observer that can precisely estimate
the load resistance and inductance in a real-time manner.

3) The proposed observer does not pollute the grid and is
autonomous (i.e., it does not rely on the communication
link).

4) The proposed compensator is very practical due to its sim-
ple structure and it is not computationally intensive com-
pared to the existing techniques.

This paper is organized as follows. The proposed harmonic
compensation control method is presented in Section II. Sec-
tion III describes the structure of the proposed hybrid load ob-
server. In Section IV, the stability of the proposed compensation
method has been investigated. The performance of the control
system and hybrid observer are evaluated through computer sim-
ulations in Section V. The experimental results obtained from an
dc/ac converter prototype are presented in Section VI. Finally,
Section VII is the conclusion.

II. PROPOSED HARMONIC COMPENSATION SYSTEM

The control of MGs in the islanded mode is challenging due to
the presence of nonlinear loads and load harmonics. The control
system must perform the power balance by supplying harmonics
required by the loads. Otherwise, the load voltage will be highly
distorted. This is not the case in the grid-connected mode where
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Fig. 1. Proposed harmonic compensation control scheme.

the harmonics are supplied by the grid. In this paper, a harmonic
compensation system is proposed to address the aforementioned
challenges. Fig. 1 shows the high-level block diagram of the pro-
posed harmonic compensation system. According to this figure,
the control system consists of a current reference generator. The
current reference generator produces the reference signal, which
includes the fundamental component (i.e., if−ref ) as well as the
harmonic components (i.e., ih−ref ) of the current. The reference
signal for the harmonic components is generated using a hybrid
load observer and a harmonic compensator.

The main contribution of this paper is the hybrid load ob-
server, which estimates the harmonic contents of the load us-
ing the converter output voltage, vout. The proposed observer is
able to estimate unknown harmonics including synchronous and
asynchronous ones. Thus, it is able to estimate special harmon-
ics (e.g., third, fifth, etc.) as well. However, it can only estimate
the full harmonic contents altogether, not a specific one. In ad-
dition, the proposed load observer estimates the linear part of
the load (i.e., the load resistance, Rg , and the load inductance
Lg) using the output voltage and current. Thus, the outputs of
this block is the voltage harmonics contents (ξ̂1) as well as the
output equivalent impedance (i.e., Rg and Lg). Since the load
observer estimates the harmonic contents of the voltage, it can
output the fundamental component (i.e., v̂out) to the PLL in or-
der to isolate the voltage harmonics from the PLL. This leads
to more reliable operation of the inverter. The proposed har-
monic compensation system is effective only during the islanded
mode and during the transitions from the grid connected to is-
landed mode and vice versa, different procedures (e.g., soft-start,
zero-crossing detection, etc.) have to be in place for the reliable
operation.

It should be noted that although the proposed control system
is derived for the single-phase inverters with L filters, it can be
easily extended to the inverters with LCL filters as well as the
three-phase inverters. However, in order to extend the proposed
method to three-phase systems, the control system has to be
either in the abc or αβ reference frames. In order to implement
the proposed method in three-phase systems, the same control
structure proposed for single-phase systems, including the load
observer, and the harmonic compensator, have to be added to the
control system of each phase. The converter output voltage and
current of each phase (i.e., vout−i, and iout−i, i = a, b, c) have
to be used as input of the load observer block. In addition, the
harmonic components of the current reference (i.e., ih−ref−i, i =
a, b, c), generated by the harmonic compensator block, should be
added to the fundamental current reference to form the current
references for each phase.

In the following sections, the control blocks presented in
Fig. 1, including the harmonic load observer, the harmonic com-
pensator, the fundamental reference generator, and the current
controller will be described in detail.

III. PROPOSED HYBRID LOAD OBSERVER

In order to mitigate the detrimental impacts of harmonics
in the islanded mode, a novel control scheme is presented in
Section II. The key block in the proposed control system is
the hybrid load observer, which is described in this section.
The hybrid load observer is responsible for precisely estimating
the linear component as well as harmonic contents of the
load. The main idea is to have an unknown term represent-
ing the harmonic contents, since their nature is not known to
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the control system (nonlinear loads can create various harmon-
ics/disturbances). Thus, the output voltage is considered as a
fundamental component superimposed by unknown terms rep-
resenting harmonics/disturbance

v(t) = V sin(ωt+ ϕ) + h(t) (1)

where V is the voltage amplitude, ω is the line frequency, and
h(t) represents the harmonic contents of the measured voltage
(that can include different forms of harmonics/disturbances).

In order to estimate the linear portion of the load (i.e., Lg and
Rg), the linear component of the load current is given by

iLin(t) = iR(t) + iL(t) (2)

where iR(t) represents the active component and iL(t) repre-
sents the reactive component.

Accrediting to (1) and (2), the system dynamics is derived as
follows:

v̇(t) = ωV cos(ωt+ ϕ) + ḣ(t) (3)

v̈(t) = −ω2V sin(ωt+ ϕ) + ḧ(t)

= −ω2v(t) + ω2h(t) + ḧ(t) (4)

i̇Lin(t) = ˙iR(t) + ˙iL(t) =
1

Rg
v̇(t) +

1

Lg
v(t)

= θ1v̇(t) + θ2v(t) (5)

where θ1 and θ2 represent the resistive component (i.e., 1/Rg)
and inductive component (i.e., 1/Lg) of the MG linear load. The
locally measurable signals are v(t), v̇(t), and iLin(t) (the digital
differentiator presented in [61] has been used to generate the
v̇(t) from the v(t) signal). By using (3)–(5), the system state
variables are defined as follows:

XState-Variables :

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

x1 = v(t)

x2 =
1

ω
ẋ1

x3 = iLin(t)

ξ1 = h(t)

ξ2 = ξ̇1

ξ3 = ξ̇2.

(6)

According to (3)–(6), the system dynamics is given by

XDynamics :

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ẋ1 = ωx2

ẋ2 = −ωx1 + ωξ1 +
1

ω
ξ3

ẋ3 = θ1x2 + θ2x1

ξ̇1 = ξ2

ξ̇2 = ξ3

ξ̇3 =
...
h.

(7)

The objective is to estimate the x1, x2, x3, ξ1, θ1, and θ2
from the dynamics given by (7). Therefore, according to (7), the

proposed load observer is given by

XDynamics :

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

˙̂x1 = ωx̂2 + μ11x̃1 + μ12x̃2

˙̂x2 = −ωx1 + ωξ̂1 +
1

ω
ξ̂3 + μ21x̃1 + μ22x̃2

˙̂x3 = θ̂1x2 + θ̂2x1 + μ31x̃1 + μ33x̃3

˙̂
ξ1 = γ1ωx̃2

˙̂
ξ2 = ξ̂3

˙̂
ξ3 = γ2

1

ω
x̃2

˙̂
θ1 = γ3x2x̃3

˙̂
θ2 = γ4x1x̃3

(8)

where x̂i, i = 1, 2, 3 are the estimated state variables and x̃i are
estimation errors. ξ̂1 is the estimated harmonic contents of the
grid voltage (i.e., x1). θ̂1 and θ̂2 are the estimated load resistance
and inductance values and θ̃1, θ̃2 are their estimation errors.
According to (8), the compensating terms (i.e., μ11x̂1, μ12x̂2,
μ21x̂1, μ22x̂2, μ31x̂1, and μ33x̂3) have been used in order to
render the errors (i.e., x̃1, x̃2, and x̃3) zero. The adaptive laws
have also been used to estimate the values of ξ̂1, θ̂1, and θ̂2.
The adaptive laws are derived to render the derivative of the
Lyapunov function negative. The procedure to derive this adap-
tive laws will be explain in Section V in detail. μ11, μ12, μ21,
μ22, μ31, μ33, γ1, γ2, γ3, and γ4 are compensation gains, which
render the estimation errors zero. These parameters are some
constant value that does not have to be exact. The proposed ob-
server can reliably operate with different values of parameters
as far as they are in the stability range. The stability range as
well as the procedure to determine these gains are elaborated in
Section V.

Fig. 2 shows the block diagram of the proposed load observer.
According to Fig. 2, the measurable state variablesx1(t) = v(t),
x2(t) = v̇(t), and x3(t) = iLin(t) are the inputs to the observer
block. The outputs are the estimated variables x̂1, x̂3, ξ̂1, θ̂1, and
θ̂2.

It should be noted that the performance of the proposed ob-
server is not dependent on the precise values of ω since the
compensation terms will compensate any discrepancy in the fre-
quency value up to some limits (ω is considered as a predefined
constant value in the observer block). This is a very advanta-
geous for MGs where the frequency can have a wide range of
variations.

IV. PROPOSED CONTROL SYSTEM

In this paper, a control system including a harmonic compen-
sation system is proposed for single-phase inverters operating
in the islanded mode. According to Fig. 1, the proposed control
system includes the harmonic compensator and the fundamental
reference generator that generate the current reference, as well
as the current controller that regulates the converter output cur-
rent. In the following subsections, the aforementioned control
blocks are explained in detail.
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Fig. 2. Block diagram of the proposed hybrid load observer.

A. Harmonic Compensator

The harmonic compensator is responsible for generating
the harmonic components of the current reference signal (i.e.,
ih−ref ) using the harmonic contents of the converter output signal
(i.e., ξ̂1). Thus, the input of this block is the voltage harmonic
content produced by the hybrid load observer block. Conven-
tionally, several proportional-resonant (PR) controllers tuned
at harmonic frequencies, have widely been used as the har-
monic compensator [34], [62]–[64]. Due to the structure of the
PR controller, where the relation between the input signal and
the generated output signal can be nonlinear, these controllers
are the appropriate options for using as harmonic compensators.
The conventional control structure can offer the nearly perfect
tracking of the reference signal by using one PR controller for
each harmonic frequency. However, due to the difficulties with
digital implementation of the PR controllers (e.g., extensive uti-
lization of resources), and stability concerns (e.g., when the har-
monic frequency is out of the bandwidth of the controller), the
application of this structure is limited to the several low-order
synchronized harmonics (e.g., third, fifth, and seventh) [65]–
[67]. This structure also needs separate reference signals for each
harmonic, which is not available through the proposed hybrid
observer. In addition, the adverse impact of the grid frequency
variations on the tracking performance of PR controllers, is

Fig. 3. Digital implementation of the adaptive PR controller utilized as a
harmonic compensator [67].

another limitation of this control system in islanded MGs, where
the line frequency can change in a considerable range [67].

In order to mitigate the drawbacks of the conventional har-
monic compensation system, the adaptive PR controller pro-
posed in [67] has been used in this paper. This controller is
fully compatible with the proposed structure as it can track syn-
chronous and asynchronous harmonics without the need to indi-
vidual harmonic references. In the implemented controller, the
perfect tracking for the harmonic components of the input signal
is achieved by providing high gains for different harmonic com-
ponents (e.g., synchronous and asynchronous). Fig. 3 shows the
block diagram of the digital implementation of the controller
presented in [67].

According to Fig. 3, in order to address the drawbacks with the
conventional PR-based compensators, the presented controller
is based on the adaptive variation of PR coefficients according
to the reference signal tracking error. The continuous updating
of the PR coefficients enables this controller to provide the high
flexibility needed to compensate for a wide range of synchronous
and asynchronous harmonics. It also enables the compensator to
remove the tracking error produced by changes in the grid fre-
quency and provide compensation for any dc component of the
reference signal (typically proportional-integral (PI) controllers
are added to compensate for dc components). Therefore, the pre-
sented compensator offers a simple structure, as well as a supe-
rior tracking performance over a fairly wide range of harmonics
that eliminates the need for using multiple PR controllers.

According to Fig. 3, the update laws have been used to gen-
erate the coefficients of the harmonic compensator. The update
laws utilize the value of the reference signal error to make ad-
justments to the nominal coefficients such that the steady-state
error is rendered zero. The update laws are given by

˙̂a = γaeh sin(ωt) (9)

˙̂
b = γbeh sin(ωt) (10)

where ˙̂a and ˙̂
b are the adaptive coefficients of the PR controller,

γa and γb are the controller constant gains, and eh is the ref-
erence signal tracking error. According to Fig. 3, the γa and in
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Fig. 4. Virtual bode plot resulting from the proposed adaptive PR
controller [67].

turn ˙̂a determines the speed of the convergence in the center
frequency, while γa and in turn ˙̂

b determines the steady-state
tracking error. Therefore, for the particular design in this pa-
per, these values are selected as γa = 0.45, and γb = 1.65 in
order to compensate high-order harmonics (i.e., 39th harmonic
component) with negligible tracking error. The initial points of
a0 and b0 are also selected as a0 = −1.99 and b0 = 1.24e− 5
as defined in [67] for the 60–Hz power conditioning systems.
The procedure to select the controller coefficients are described
in [67] in detail.

It should be noted that, due to the limitations of the digi-
tal implementation of the proposed compensator and the cur-
rent controller (e.g., truncation of coefficients, limited number
of bits, and the current controller limited bandwidth), the ex-
cellent compensation performance can only be achieved in a
limited range of harmonics. In order to avoid generating the cur-
rent reference terms out of the current controller bandwidth, a
low-pass filter tuned at the cutoff frequency of the current con-
troller has been added to the compensation system. Consider-
ing the required filtering in designing the compensation system,
the high performance can be maintained for the aforementioned
harmonics.

According to the specified coefficients, the presented adap-
tive droop structure eliminates the need for having very precise
coefficients for each harmonic frequency, which highly reduce
the number of resources required for the digital implementation
of the harmonic compensator using the adaptive PR controller.
According to (9) and (10), the bandwidth of the PR controller
is increased virtually to achieve a very high gain at the desired
harmonic frequency. Fig. 4 shows the virtual bode plot resulting
from changing the coefficients of the compensator (e.g., ˙̂a and
˙̂
b) adaptively. According to this figure, the bandwidth and the
gain of the adaptive PR controller can be effectively controlled
for a wide range of harmonic frequencies [67].

It should be noted that due to the structure of the proposed
hybrid observer and the compensation system, a simple PI con-
troller can also be used as the harmonic compensator. However,
due to the limitations of the digital implementation of PI con-
trollers (especially in higher order harmonics), in case of using
the PI compensator, the application of the compensation system

Fig. 5. Fundamental reference generator control scheme.

will be limited to several low-order harmonics (e.g., third, fifth,
and seventh).

B. Fundamental Reference Generator

The fundamental reference generator is responsible for regu-
lating the amplitude and frequency of the MG voltage by pro-
ducing an appropriate reference signal for the current controller
(i.e., if−ref ). Fig. 5 shows the block diagram of the implemented
control system for the fundamental reference generator block.
According to this figure, the implemented control structure in-
cludes two controllers, the converter output power controller,
and the supervisory-level controller. The converter output power
controller regulates the flow of the power between the converter
and the MG by providing the sinusoidal current reference to
the current controller (i.e., if−ref ). The supervisory-level con-
troller deals with MG parameters regulation (e.g., amplitude
and frequency of the MG voltage [i.e., V and ω)]. The im-
plemented supervisory-level controller uses the voltage ampli-
tude/frequency adaptive droop controllers to regulate the MG
voltage amplitude and frequency.

According to Fig. 5, the supervisory-level controller performs
its control tasks by providing the required set points of the power
controller (i.e., the output active/reactive power references, Pref

andQref ). The detailed control structure of the fundamental cur-
rent reference generator block including the supervisory-level
controller and the power controller is described in [68] and [69]
in detail.

C. Current Controller

The current controller is responsible for regulating the con-
verter output current based on the current reference signal,
which includes the fundamental component (if−ref ) provided
by the fundamental reference generator, and the harmonic com-
ponents (ih−ref ) provided by the harmonic compensator. Due
to the structure of the proposed control system (illustrated
in Fig. 1), the same control structure adopted for harmonic
compensator can be implemented for the current controller to
achieve a perfect tracking of the reference signal over a wide
range of harmonic components. The same coefficient defined
for the harmonic compensator can also be used for the current
controller.
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It should be noted that a conventional PR controller can also
be used for the current controller. By selecting the relatively
high gains for PR controller, it will be capable of tracking the
low-order harmonic components of the reference signal, but due
to the limitation of the digital implementation of PR controllers,
this control structure is only applicable for compensating several
low-order harmonics (e.g., third, fifth, and seventh).

V. STABILITY ANALYSIS OF THE PROPOSED HYBRID

LOAD OBSERVER

The stability of the proposed observer is analyzed in this sec-
tion. Since the hybrid load observer is a nonlinear system, the
Lyapunov stability approach is used to analyze the system sta-
bility [70], [71]. According to (7) and (8), the error dynamics is
given by

X̃Error :

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

˙̃x1 = ωx̃2 − μ11x̃1 − μ12x̃2

˙̃x2 = ωξ̃1 +
1

ω
ξ̃3 − μ21x̃1 − μ22x̃2

˙̃x3 = θ̃1x2 + θ̃2x1 − μ31x̃1 − μ33x̃3

˙̃
ξ1 = −γ1ωx̃2

˙̃
ξ3 = −γ2

1

ω
x̃2

˙̃
θ1 = −γ3x2x̃3

˙̃
θ2 = −γ4x1x̃3.

(11)

The Lyapunov candidate (energy function) is defined based
on the errors

V =
1

2
x̃2
1 +

1

2
x̃2
2 +

1

2
x̃2
3 +

1

2γ1
ξ̃21

+
1

2γ2
ξ̃23 +

1

2γ3
θ̃21 +

1

2γ4
θ̃22.

(12)

The derivative of the Lyapunov function is derived as

V̇ = x̃1
˙̃x1 + x̃2

˙̃x2 + x̃3
˙̃x3 +

1

γ1
ξ̃1

˙̃
ξ1

+
1

γ2
ξ̃3

˙̃
ξ3 +

1

γ3
θ̃1

˙̃
θ1 +

1

γ4
θ̃2

˙̃
θ2.

(13)

By inserting the error dynamics of ˙̃x1, ˙̃x2, and ˙̃x3, given by
(11), in (13), the derivative of the Lyapunov function is derived
as

V̇ =
(
(−μ11)x̃

2
1 + (−μ22)x̃

2
2 + (−μ33)x̃

2
3

)

+ ((ω − μ12 − μ21)x̃1x̃2 + (−μ31)x̃1x̃3)

+

((

ωx̃2 +
1

γ1

˙̃
ξ1

)

ξ̃1

)

+

((
1

ω
x̃2 +

1

γ2

˙̃
ξ3

)

ξ̃3

)

+

(

(x2x̃3 +
1

γ3

˙̃
θ1)θ̃1

)

+

(

(x1x̃3 +
1

γ4

˙̃
θ2)θ̃2

)

. (14)

In order to make the derivative of the Lyapunov function
(V̇ ) negative semi-definite, appropriate functions should be se-

lected for ˙̃
ξ1, ˙̃

ξ3, ˙̃
θ1, and ˙̃

θ2. Therefore, to make V̇ negative
semi-definite, the selected functions presented by (11) are used.

Thus, the derivative of the Lyapunov function is given as

V̇ =

((−μ11

2

)

x̃2
1 + (ω − μ12 − μ21)x̃1x̃2 + (−μ22)x̃

2
2

)

+

((−μ11

2

)

x̃2
1 + (−μ31)x̃1x̃3 + (−μ33)x̃

2
3

)

. (15)

By using the selected functions for ˙̃
ξ1, ˙̃

ξ3, ˙̃
θ1, and ˙̃

θ2, the
derivative of the Lyapunov function (V̇ ) is presented in the
quadratic form. Thus, the boundaries of the observer gains
can be derived in a way to make the derivative negative semi-
definite [70], [71]. The boundaries of the observer are given as

μ11 ≥ 0, μ22 ≥ 0 and μ33 ≥ 0 (16)

μ12 − μ21 ≥ ω −
√
2μ11μ22 (17)

μ31 ≥
√

2μ11μ33. (18)

The observer gains (i.e., μ11, μ22, μ33, μ12, μ21, and μ31)
must be tuned within the ranges determined by (16)–(18). Ac-
cording to the error dynamics given in (11) and V̇ given in (15),
the speed of the convergence for the x̂1, x̂2, and x̂3 is related
to the coefficients, (μ11, μ12), (μ21, μ22), and (μ31, μ33), re-
spectively. While, the values of γ1, γ2, γ3, and γ4 determine the
speed of convergence for ζ̂1, ζ̂2, θ̂1, and θ̂2, respectively. Due to
the structure of the proposed observer the tuning of the observer
gains is not a challenging task. Once the gains have been tuned
in the specified range, the accurate performance and the conver-
gence of the estimated parameters are guaranteed. Further ad-
justments on these parameters can be performed to achieve the
desired convergence speed for different variables. To achieve
the best results, the tuning process can be started by first tun-
ing the (μ21, μ22), and then, the (μ11, μ12) and (μ31, μ33) gains.
Once the desired estimated results of x̂1, x̂2, and x̂3 are achieved
(in terms of accuracy and the speed of convergence), γ1, γ2, γ3,
and γ4 can be tuned to achieve the accurate and fast estimation
of ζ̂1, ζ̂2, θ̂1, and θ̂2.

Using the aforementioned constraints only guarantee the
boundedness of the errors and their asymptotic stability still
needs to be addressed [72]. Since, the proposed load observer
structure is a time-variant system (according to (11) where θ1
and θ2 are the time variant parameters), the Barbalat’s Lemma
theorem can be used to evaluate the asymptotic stability of
the system [73]. According to the Barbalat’s Lemma theorem,
the asymptotic stability of the error system can be guaranteed if
the time-variant Lyapunov function (V (t)) satisfies the follow-
ing conditions [73]:

1) V (t) is lower bounded;
2) V̇ (t) is negative semi-definite;
3) V̈ (t) is finite.
According to (12)–(15), the defined Lyapunov function is neg-

ative semi-definite and lower bounded. Therefore, to prove the
asymptotic stability, V̈ (t)must be finite. According to (15), V̈ (t)
is derived as

V̈ = − 2μ11x̃1
˙̃x1 + (ω − μ12 − μ21)(x̃2

˙̃x1 + x̃1
˙̃x2)

− 2μ22x̃2
˙̃x2 − 2μ33x̃3

˙̃x3 − 2μ31(x̃1
˙̃x3 + x̃3

˙̃x1). (19)
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By inserting the error dynamics from (11) into (19), V̈ (t) is
given by

V̈ =
(
2μ2

11 + μ2
31 + μ2

21 + μ21(μ12 − ω)
)
x̃2
1

+
(
ω2 + μ2

12 + 2μ2
22 − (1 + ω)μ12 + μ21(μ12 − 1)

)
x̃2
2

+ (−(2 + ω)μ11 − ωμ22 + (3μ11 + μ22)μ12 + x̃1x̃2

+ (3μ22 + μ11)μ21) x̃1x̃2 + (μ31ω + μ31μ12) x̃2x̃3

+
(
2μ2

33

)
x̃3 + (3μ31μ33 + μ33μ11) x̃1x̃3

+
(
ω2 − ω(μ12 + μ21)

)
x̃1ξ̃1 + (−2μ22) x̃2ξ̃1

+

(

1− 1

ω
(μ12 + μ21)

)

x̃1ξ̃3 +

(−2

ω
μ22

)

x̃2ξ̃3

+ (−2μ33x2) x̃3θ̃1 + (−2μ33x1) x̃3θ̃2

+ (−μ31x2) x̃1θ̃1 + (−μ31x1) x̃1θ̃2. (20)

Since all the terms in (20) is bounded, V̈ is bounded. Thus,
according to the Barbalat’s Lemma, the errors (i.e., ξ̃1 and ξ̃3)
are asymptotically stable.

Although the asymptotic stability of the error signals have
been proven, the convergence of the parameters (i.e., θ̃1 and θ̃2)
are not guaranteed. In order to address this issue, the persistency
of excitation (PE) theorem is used to prove the convergence of
the parameters to their actual values [72]. According to the PE
theorem, the global asymptotic stability can be guaranteed if the
update laws are persistently excited. In particular, based on the
PE theorem the following condition must be met to guarantee
the persistency of excitation for a scalar function φ(t):

∫ t+T

t

φ2(τ)dτ ≥ η > 0 (21)

where T and η are positive real values.
Since, all the input signals of the proposed hybrid load ob-

server (x1, x2, and x3) are trigonometric signals with the fre-
quency of ω, the aforementioned condition for the PE theorem
is satisfied. In particular, for the estimated grid impedance pa-

rameters (i.e., ˙̂
θ1 and ˙̂

θ2), the PE theorem condition can be met
according to the presence of trigonometric signals, x1 and x2

in (8). For instance, in the adaptive law (8) for θ1, the scalar
function φ(t) is defined as: φ(t) = −ωV cos(ωt+ φ), and the
PE theorem condition is derived as follows:

∫ t+ 2π
ω

t

(ωV )2 cos2(ωτ + φ)dτ =
π

ω
(ωV )2 > 0. (22)

Using the same method, φ(t) can be defined as: φ(t) =
−V sin(ωt+ φ) for θ2, and the PE theorem condition is given
by

∫ t+ 2π
ω

t

(V )2 sin2(ωτ + φ)dτ =
π

ω
(V )2 > 0. (23)

According to the PE theorem, the global asymptotic stability

of the estimated parameters (i.e., ˙̂
θ1 and ˙̂

θ2) is guaranteed.

Fig. 6. Trajectory of the proposed hybrid observer.

TABLE I
PARAMETERS OF THE SIMULATED DC/AC CONVERTER

Fig. 6 shows the trajectory of the proposed hybrid observer.
This figure illustrates how the system is steered from one steady-
state condition to another one with different harmonic contents
and different equivalent load values.

VI. PERFORMANCE EVALUATION THROUGH

SIMULATION RESULTS

In this section, the performance of the proposed control
scheme with the embedded hybrid load observer has been eval-
uated using PSIM and MATLAB software packages. The spec-
ifications of the dc/ac inverter in the simulations are given in
Table I.

Fig. 7(a) and (b) shows the transient performance of the hy-
brid load observer for estimating the harmonic contents of the
voltage when harmonics are present. In particular, in Fig. 7(a),
a 5% fifth harmonic component has been superimposed to the
voltage (x1) and to the current (x3) at t = 0.08 s, and a 4%
seventh harmonic component, and a 4% ninth harmonic compo-
nent have been superimposed to the voltage and to the current
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Fig. 7. Transient performance of the proposed observer when: (a) 5% fifth harmonic component is applied at t = 0.08 s and a 4% seventh harmonic component,
and a 4% ninth harmonic component is applied at t = 0.12 s, and (b) 6% dc component is applied at t = 0 s, a 5% ninth harmonic component and a 5% eleventh
harmonic component are applied at t = 0.08 s, and a 3% nineteenth harmonic component, a 3% twenty-third harmonic component, and a 2% asynchronous
harmonic with the frequency of 1495 Hz are applied at t = 0.12 s.

at t = 0.12 s. According to Fig. 7(a), the applied harmonics are
much more pronounced in the x2 (since x2 is the derivative
of x1). In Fig. 7(b), a 6% dc component is applied at t = 0 s,
a 5% ninth harmonic component and a 5% eleventh harmonic
component are applied at t = 0.08 s, and a 3% nineteenth com-
ponent, a 3% twenty-third component, and a 2% asynchronous
harmonic component with the frequency of 1495 Hz are ap-
plied at t = 0.12 s. Fig. 7(a) and (b) demonstrates the capability
of the proposed observer in precisely tracking various harmon-
ics/disturbances. Thus, the proposed hybrid observer can extract
the fundamental components (i.e., x̂1, x̂2, and x̂3) from the pol-
luted signals. Fig. 7 also depicts the estimated (ξ̂1) and actual
(h(t)) harmonic contents. This figure shows the fast and accu-
rate tracking of the proposed hybrid observer in on-line tracking
of various load harmonics.

Fig. 8 shows the fundamental components estimation perfor-
mance in two line cycles. In this figure, an extreme case for
harmonics is presented (a 10% fifth harmonic component, an

8% seventh harmonic component, and an 8% ninth harmonic
component have been applied to the input signals). According
to this figure, despite the heavily polluted input signals, the pro-
posed observer are able to extract the fundamental components
with negligible amount of harmonic contents.

Fig. 9 shows the transient performance of the proposed hybrid
observer for estimating the linear portion of the load (i.e., θ̂1 and
θ̂2). In this figure, the resistive load value has been changed from
100 to 40Ω at t = 0.2 s, and from 40 to 400Ω at t = 0.3 s. In
addition, the inductive load value has also varied from 100 to
250 mH at t = 0.1 s, and from 250 to 50 mH at t = 0.3 s. Ac-
cording to Fig. 9, the proposed hybrid observer can accurately
track changes in the load impedance. Since the hybrid load ob-
server utilizes the extracted fundamental components (x̂1 and
x̂3) to estimate the load impedance, the estimations are robust
against harmonic contents.

Fig. 10 evaluates the robustness of the proposed observer
in the estimation of the specified parameters (e.g., harmonic



KAVIRI et al.: HARMONIC COMPENSATION SYSTEM WITH EMBEDDED LOAD OBSERVER FOR MICRO-GRIDS 1415

Fig. 8. Fundamental component extraction when a 10% fifth harmonic compo-
nent, an 8% seventh harmonic component, and an 8% ninth harmonic component
are applied to the input signals.

Fig. 9. Transient performance of the proposed observer for estimating the
linear portion of the local load.

contents, and linear portion of local load), against variation of
the observer gains. According to this figure, the proposed ob-
server can reliably operate with different values of observer gains
as far as they are in the specified stability range. According to the
waveforms presented in Fig. 10, by further adjustments on ob-
server gains (i.e., increasing the compensation gains), the more
dominant compensation terms and in turn a faster convergence
speed can be achieved. It should be noted that, in practical cases,
the higher observer gains will lead to the higher amplification
of the input signal noises. Therefore, in these applications, the

Fig. 10. Robustness of the proposed observer, against variation of the ob-
server gains, in (a) estimation of the voltage harmonic contents when a 4% dc
component is applied at t = 0 s and a 4% fifth harmonic component, a 4% sev-
enth harmonic component, and a 4% ninth harmonic component are applied at
t = 0.07 s, and (b) estimation of the linear portion of the local load (θ̂1) when
the resistive load value has been changed from 50 to 100Ω at t = 0.1 s and from
100 to 25Ω at t = 0.2 s.

observer gains should be limited to an upper threshold to miti-
gate the disruptive effects of the noises.

Fig. 11(a)–(d) shows the transient performance of the har-
monics compensator when two different sets of harmonic com-
ponents have been applied to the load. Fig. 11(a) and (c) shows
the waveforms when the harmonic compensator is disabled and
Fig. 11(b) and (d) depicts the waveforms when the proposed
harmonic compensator is enabled. According to this figure, the
proposed harmonic compensator can effectively compensate for
the harmonics and provide very reliable operation in the pres-
ence of harmonics.

Table II compares the performance of the proposed harmonic
compensation system with the control system presented in [34],
in terms of harmonic compensation percentage. In order to eval-
uate the performance of the proposed system for a wide range
of load harmonics in the MG, four different cases with various
harmonics orders and various percentages of harmonics is con-
sidered in Table II. According to the results presented in [34],
unlike other presented methods in the literature, this method
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Fig. 11. Transient performance of the proposed harmonic compensation system when a 4% third harmonic component, a 3% fifth harmonic component, a
3% seventh harmonic component, and a 3% ninth harmonic component are applied at t = 0.3 s when compensation is (a) disabled and (b) enabled, and when
a 4% third harmonic component, and a 3% fifth harmonic component, a 3% seventh harmonic component, a 3% ninth harmonic component, a 3% eleventh
harmonic component, a 3% thirteenth harmonic component, and a 3% fifteenth harmonic component are applied at t = 0.3 s when compensation is (c) disabled and
(d) enabled.

offers the compensation of harmonics in a fair range of harmon-
ics frequencies. Thus, the results of this method are compared
with the results obtained from the proposed system. According
to Table II, the proposed method offers a superior performance
over a wide range of synchronous and asynchronous harmonics,
while the application of the method presented in [34] is limited
to a couple of low-order synchronous harmonics.

VII. EXPERIMENTAL RESULTS

In order to verify the feasibility of the proposed control system
and evaluate its performance, it is implemented on an experimen-
tal prototype. The specifications of the implemented inverter are
given in Table III. The configuration of the implemented single-
phase MG is shown in Fig. 12. Since the main focus of this paper
is on small-scale MG systems used in residential and commercial
applications, the MG loads have been approximated as lumped
loads in Fig. 12 [74]–[77]. According to this figure, the exper-
imental results presented in this section is obtained from the
indicated solar converter. Fig. 13 shows the experimental proto-
type of the inverter and the MG setup (i.e., the inverters and MG

dynamic loads). According to this figure, the experimental setup
is configured in a way to simulate a real small-scale MG. The
range of local load variations is also selected in accordance with
a real small-scale MG. The proposed control system is imple-
mented on a digital platform using a field-programmable gate
array (FPGA).

In order to digitally implement the proposed hybrid observer
(shown in Fig. 2), the observer coefficients have been selected
such that the stability criteria are satisfied. It should be noted that
in digital implementation, the gains of current and voltage sen-
sors and the gains of analogue to digital converters (ADCs) have
to be taken into account to select the observer coefficients. The
selected values for the coefficients in the digital implementation
are listed in Table IV. The presented coefficients are selected
to achieve fast and accurate estimation results. As mentioned
in Section III, these coefficients are some constant value that
does not have to be exact. The proposed observer can reliably
operate with different values of parameters as far as they are in
the stability range. Therefore, the selected coefficients listed in
Table IV do not present the unique tuning result of controller
coefficients.
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TABLE II
PERFORMANCE OF THE PROPOSED HARMONIC COMPENSATION SYSTEM IN

COMPENSATING A WIDE RANGE OF HARMONICS IN COMPARISON WITH THE

METHOD PRESENTED IN [34]

TABLE III
SPECIFICATIONS OF THE DC/AC CONVERTER EXPERIMENTAL PROTOTYPE

Fig. 12. Configuration of the implemented single-phase MG.

Fig. 13. MG experimental setup and the experimental prototype of the dc/ac
inverter.

TABLE IV
HYBRID LOAD OBSERVER COEFFICIENTS
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Fig. 14. Real-time signals of digital implementation of the proposed observer in the FPGA, when: (a) 6% fifth harmonic component, a 6% seventh harmonic
component, and a 6% ninth harmonic component are applied, and (b) a 6% ninth harmonic component, a 6% eleventh harmonic component, and a 6% thirteenth
harmonic component are applied.

Fig. 15. Transient performance of the proposed hybrid load observer for estimating the linear portion of the load (θ̂1 and θ̂2) when: (a) step change of −200Ω
is applied to the local load and (b) step change of 200Ω is applied to the local load.

Fig. 14 (a) and (b) illustrates various real-time signals ob-
tained from the SignalTap Logic Analyzer of the FPGA.
Fig. 14(a) and (b) verifies the capability of the proposed hy-
brid observer to estimate the exact harmonic contents of the grid
voltage in the experimental prototype.

Figs. 15 (a) and (b) and 16(a) and (b) show the transient per-
formance of the hybrid load observer for estimating the linear
portion of the local load. These figures show different waveforms
such as, the converter output voltage (vout), the output current
(iout), and the real-time signals obtained from the SignalTap
(e.g., vout, iout, θ̂1, and θ̂2). In particular, in Fig. 15, the local
load resistance has varied from 400 to 200Ω in Fig. 15(a) and
from 200 to 400Ω in Fig. 15(b). In Fig. 16, the local load induc-
tance has varied from 160 to 80 mH in Fig. 16(a) and from 80
to 160 mH in Fig. 16(b). Figs. 15 and 16 verify the capability
of the proposed hybrid observer to estimate the exact values of
the linear portion of the load as well as precise tracking of load
changes in the experimental prototype. It should be noted that

Figs. 15 and 16 present the digital values of the estimated load
impedance in form of θ1 and θ2 (θ1 = 1/Rg and θ2 = 1/Lg).
In order to calculate the real values of the load impedance, the
gains of current and voltage sensors and the gains of ADCs have
to be taken into account.

Fig. 17(a)–(c) shows the transient performance of the pro-
posed control system for compensating the harmonics super-
imposed on the MG voltage. In order to add the harmonics to
the load, a dynamic ac load (shown in Fig. 13) is used in the
experimental setup. This load is capable of implementing har-
monics up to the thirteenth component. Using this electronic
load, a different order of harmonics with different harmonic
content percentages can be applied to the MG voltage. There-
fore, this electronic load can fairly simulate the disruptive ef-
fects of the most of the nonlinear loads connected to MGs. In
Fig. 17, a 3% third harmonic component, a 3% fifth harmonic
component, and a 3% seventh harmonic component have been
superimposed to the MG voltage using the dynamic ac load.
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Fig. 16. Transient performance of the proposed hybrid load observer for estimating the linear portion of the load (θ̂1 and θ̂2) when: (a) step change of −80 mH
is applied to the local load and (b) step change of 80 mH is applied to the local load.

Fig. 17. Transient performance of the proposed control system for compensating the harmonics when a 3% third harmonic component, a 3% fifth harmonic
component, and a 3% seventh harmonic component are applied to the MG voltage in (a) time domain, (b) time and frequency domain, and (c) real-time signals of
ξ̂1 and ih−ref .

According to Fig. 17(a), when the harmonic compensator is
disabled, the harmonic compensation signal ih−ref is almost
zero. In this case, the reference of the current controller is only
provided by the fundamental reference generator block that gen-
erates a sinusoidal reference signal. Therefore, the converter
output current is sinusoidal when the harmonic compensator

is disabled. While, according to Fig. 17(a), when the harmonic
compensator is enabled, it quickly respond and compensate for
harmonics. Fig. 17(b) shows the MG voltage waveform in both
frequency and time domains in order to illustrate their harmonic
contents. According to Fig. 17(b), the control system could
tremendously reduce the voltage harmonics. Fig. 17(c) shows the
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Fig. 18. Transient performance of the proposed control system for compensating the harmonics when a 6% third harmonic component, a 6% fifth harmonic
component, and a 6% seventh harmonic component are applied to the MG voltage in (a) time domain and (b) time and frequency domain.

Fig. 19. Transient performance of the proposed control system for compensating the harmonics when, a 3% ninth harmonic component, a 3% eleventh harmonic
component, and a 3% thirteenth harmonic component are applied to the MG voltage in (a) time domain and (b) time and frequency domain.

Fig. 20. Transient performance of the proposed control system for compensating the harmonics when a 10% ninth harmonic component, a 10% eleventh harmonic
component, a 10% and thirteenth harmonic component are applied to the MG voltage in (a) time domain and (b) time and frequency domain.

experimental results for harmonics ξ̂1 and the compensation
signal ih−ref from the SignalTap. This figure shows that the
proposed harmonic compensator can produce proper reference
signal in order to supply the harmonics and in turn highly im-
prove the quality of the voltage.

In order to demonstrate the capability of the presented method
in various MG operating conditions, four different cases for dif-
ferent orders and amplitudes of harmonics have been examined.
Figs. 18–21 show the transient performance of the proposed con-
trol scheme in four different operating conditions. In Fig. 18, a
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Fig. 21. Transient performance of the proposed control system for compensating the harmonics when a 6% third harmonic component, a 6% fifth harmonic
component, a 6% seventh harmonic component, a 6% ninth harmonic component, a 6% eleventh harmonic component, and a 6% thirteenth harmonic component
are applied to the MG voltage in (a) time domain and (b) time and frequency domain.

TABLE V
PERFORMANCE OF THE PROPOSED HARMONIC COMPENSATION SYSTEM IN

COMPENSATING THE MG VOLTAGE HARMONICS IN THE EXPERIMENTAL

PROTOTYPE

6% third harmonic component, a 6% fifth harmonic component,
and a 6% seventh harmonic component have been applied to the
MG voltage. According to Fig. 18, the proposed harmonic com-
pensator is able to eliminate the voltage harmonics by supplying
load harmonics despite a high amount of load harmonics. Fig. 19
shows the performance of the control system when higher order
of harmonics (a 3% ninth harmonic component, a 3% eleventh
harmonic component, and a 3% thirteenth harmonic compo-
nent) have been applied to the MG voltage. This figure shows
that the proposed approach is effective for higher order harmon-
ics as well. In order to intensify the impacts of higher order
harmonics, a 10% ninth harmonic component, a 10% eleventh
harmonic component, and a 10% thirteenth harmonic compo-
nent have been applied to the load and the results are shown in
Fig. 20.

Fig. 21 shows the transient performance in an extreme case
where a 6% of third harmonic component, a 6% fifth harmonic
component, a 6% seventh harmonic component, a 6% ninth har-
monic component, a 6% eleventh harmonic component, and a

6% thirteenth harmonic component have been applied to the
MG voltage. According to Fig. 21, even in an extreme condition
with a wide range of harmonics, the proposed control system
can significantly reduce the MG voltage harmonics.

Table V summarize the results obtained from implementing
the proposed harmonic compensation system in the experimen-
tal prototype. According to this table, the proposed harmonic
compensation system could effectively decrease the harmonic
contents of the MG voltage (i.e., compensate for MG load har-
monics), by injecting the appropriate harmonic current to the
MG.

VIII. CONCLUSION

One of the main challenges with MGs is the harmonics crated
by MG nonlinear loads. Dealing with harmonics is particularly
challenging in the islanded mode of operation when the har-
monics cannot be supplied by the grid. Thus, in the islanded
MGs, the control system of the inverters must supply the har-
monics in order to have a high quality voltage at the load. In
this paper, a new harmonic compensator has been presented,
which is able to precisely estimate the harmonic contents and
compensate for unknown harmonics. The proposed estimator
can extract any types of harmonics/disturbances (synchronous,
asynchronous, dc component, etc.). In addition, a hybrid load
observer is embedded into the proposed harmonic compensator,
which is able to estimate the linear portion of the load in a real-
time manner. The proposed control system offers very reliable
operation for MGs in the distributed power generation. Simula-
tion and experimental results verify the accuracy and the speed
of the proposed control system for estimating and compensating
various harmonics.
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